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(54) METHOD AND APPARATUS FOR ULTRASONICALLY DETECTING FLAW ON SURFACE OF 
CIRCULAR CYLINDER, AND METHOD OF GRINDING ROLL UTILIZING THE SAME 



(57) The invention is for ultrasonic testing using sur- 
face waves, and its object is to prevent false detection of 
primary cracks, to lower the level of structural noises 
from grain boundaries, and to improve the detectability 
in the ultrasonic testing. 

Concretely, in surface wave testing of hot rolling 
rolls, used is a surface wave probe 10 capable of trans- 
mitting and receiving a surface wave and provided with 
a piezoelectric element 10A, a resin wedge IOC dis- 
posed on the front surface of the piezoelectric element 
10A and a damping block 10B disposed on the back 
surface thereof, and the surface wave probe 10 is driven 
to produce a short pulse having a pulse length of being 
at most 2.5 times the wavelength of the surface wave to 
be produced. In this, a coupling liquid medium is sup- 
plied to the probe 10 in accordance with the peripheral 
speed of the roll to be tested. Depending on the height 
of the reflected waves measured, the grinding allow- 
ance of the roll is determined, and the roll is ground 
according to the thus-determined grinding allowance. 
The roll may be tested while being partly ground, and 
the optimum grinding allowance of the roll may be deter- 
mined. 
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Description 
TECHNICAL FIELD 

[0001] The present invention relates to a method and an apparatus for ultrasonic testing of the surface of columnar 
structures of metal, such as rolls for rolling mills, rollers and others, especially to those suitable for detecting, using sur- 
face waves, flaws such as cracks or the like existing in and just below the surface of high-speed tool steel rolls for hot 
rolling mills, which are made of high-speed tool steel and of which the surface is thermally/mechanically damaged while 
they are used for rolling, and also to a method for grinding rolls using them. 

BACKGROUND OF THE INVENTION 

[0002] Rolls for hot rolling of metal sheets are thermally/mechanically damaged at their surface while they are used 
for rolling. The details of thermal/mechanical damage at the surface of a work roll (hereinafter referred to as a high- 
speed tool steel roll for former stands in finishing train), which is made of high-speed tool steel and is used in hot finish 
rolling, are described with reference to Fig. 20. Thermal damage to the roll is caused by steel sheets being rolled at high 
temperatures in former stands in finishing train, whereby deep primary cracks K, which are referred to as fire cracks, 
are formed in the roll 100 vertically to its surface. Mechanical damage thereto is caused by the shear stress to be put 
on the roll being rolled against backup rolls, whereby are formed secondary cracks L starting from the above-mentioned 
fire cracks K in the direction nearly in parallel with the surface of the roll. A plurality of those cracks gathers to give small 
pits M on the surface of the roll. If such small pits M are transferred onto the sheets being rolled, the rolled sheets shall 
have surface flaws. In order to evade this, the cracks are removed from rolls, for example, by means of grinding by a 
predetermined constant grinding allowance with a grinder, and the thus-ground rolls are again used in rolling. After hav- 
ing been ground, the rolls are tested by surface wave technique (hereinafter referred to as surface wave testing), for 
example, as in JP-A-4-276547. - : . / . r v . 

[0003] Concretely, a surface wave probe (search unit) is kept in contact with the surface of a rotating roll via a mem- 
brane of a coupling liquid medium such as water or the like, whereby the surface waves from said surface wave probe 
is propagated inside the circumferential surface of the roll toward the direction opposite to the direction in which the roll 
is rotating while The jiquid having been used as coupling medium is removed from the path of the surface waves in the 
surface of the roll. In that manner, the flaws, if any, existing in and just below the surface of the roll are detected. If some 
flaws are detected in such surface wave testing of rolls, the rolls shall be again ground. . ■. , - 

[0004] An ultrasonic test apparatus is disclosed in JP-A-7-294493. to which is applied the testing method of JP-A-4- 
276547. The ultrasonic test apparatus comprises a rotating means for rotating a cylindrical or columnar structure to be 
tested for surface flaws and others, in its circumferential direction; an ultrasonic probe for detecting flaws and others by 
use of surface waves; a holder for holding the probe above the structure to be tested at a predetermined height relative 
to the surface of the structure; and a coupiant supply for supplying a liquid medium such as water or the like to be a . 
coupling medium for ultrasound transmission, to the gap betweenrthe probe and.the structure to be tested. The above- 
mentioned holder extends downward below the probe, and has a following part to be in smooth contact with the surface 
of the structure to tie tested. While kept in contact with the rotating structure to be tested, the following part ensures the 
constant distance between the probe and the structure. The above-mentioned coupiant supply is disposed adjacent to 
the probe inside the holder The coupiant supply is provided with a housing in which the liquid medium having been led 
near the probe from the other place is stored. The housing is positioned adjacent to the probe, and has a lot of medium 
outlets at its bottom and an air-discharging through-hole at its top. Each of the medium outlets is placed just in front of 
the probe relative to the scanning direction of probe, while the surface of the structure being rotated to be tested is 
scanned by the probe, and is so disposed that it intersects the above-mentioned circumferential direction. In that con- 
stitution, the liquid medium stored in the housing is fed through those medium outlets to the gap between the probe and 
the surface of the structure being tested, at the place just in front of the leading edge of the probe. 
[0005] Recently, however, it has been clarified that, when the testing method according to JP-A-4-276547 is applied 
to the detection of flaws existing in and just below the surface of high-speed tool steel rolls, especially those for (former 
stands in finishing train, there occur serious problems such as those mentioned below. 

[0006] Specifically, the small pits M shown in Fig. 20 are not formed in the absence of the secondary cracks L. There- 
fore, in order to prevent the formation of the small pits M, only the secondary cracks L are to be removed through grind- 
ing. However, according to the conventional ultrasonic testing method, often observed is the phenomenon of large- 
amplitude reflected waves appearing even after all those secondary cracks L are removed. Grinding rolls until no such 
reflected wave appears results in the thorough removal of the primary cracks K needless to be removed, whereby the 
roll consumption shaill increase. 

[0007] This is because, in the surface wave testing, the reflectivity of the flaws vertical to the surface of the roll being 
tested is high. In this, therefore, the primary cracks K remain are detected falsely even after all the secondary cracks L 
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are removed. The depth of the primary cracks K remain is considerably shallow, the amplitude of the wave reflected on 
each primary crack K remains is very small. However, in the surface of the roll, there are innumerable primary cracks K 
remain, and there are also innumerable reflectors by which the surface waves are reflected. Where a structure (herein 
roll) having such innumerable small reflectors is tested by surface waves having a wavelength of X, there always exist 
5 combinations of small reflectors between which the difference in the distance from the surface wave probe 10 is X/2, as 
shown in Fig. 21 . Fig. 21 shows examples of the combinations of such small reflectors, in which small reflectors K1 to 
K4 correspond to the combinations. 

[0008] Where the region in which the small reflectors K1 to K4 exist is tested in a conventional manner using a narrow 
bandwidth pulse of which the length is at least 5 times larger than the wavelength of the resulting surface wave, small 

w reflected waves from those reflectors overlap in phase with each other, owing to the large pulse length, thereby enlarg- 
ing their amplitude to give a large reflected wave that may indicate the presence of just like a large flaw, as shown in 
Fig. 22. Specifically, since such a narrow bandwidth pulse of which the length is at least 5 times larger than the wave- 
length of the resulting surface wave is used in surface wave testing of high-speed tool steel rolls for former stands in 
finishing train, the amplitude of the reflected waves from the primary cracks K is detected too high in the test. As a result, 

is the rolls are to be ground until the amplitude of the reflected waves from the primary cracks K becomes lower than a 
predetermined voltage. Consequently, since the primary cracks K are almost completely removed, or that is, since the 
rolls are too much ground, the roll consumption is to increase. 

[0009] In this connection, it may be taken into consideration to elevate the threshold voltage that is settled for detect- 
ing flaws to a degree not bringing about false detection of the primary cracks K. However, elevating the threshold volt- 
20 age lowers the detectabilities of the test device, and therefore, there is a danger of overlooking cracks and the like which 
exist alone (these are produced by rolling accidents) and which must be detected. 

[001 0] The problems with the ultrasonic testing mentioned above are not related to only the primary cracks of rolls for 
rolling mills but also others. Where ordinary columnar structures of metal such as rollers and the like having a coarse 
grained structure and producing scattered waves at their grain boundaries are tested, using the conventional narrow 

25 bandwidth pulse, formed are high structural noises owing to the same mechanisms as those of the phenomenon previ- 
ously mentioned hereinabove. Therefore, there are the same problems, as above with the ultrasonic testing of that type. 
[0011] On the other hand, the layer thickness of the thermal/mechanical damaged zone generated inside the rolls 
having been used in rolling greatly varies, depending on the length of the metal sheet rolled by the use of the rolls, the 
rolling speed, the condition for cooling the rolls, the material of the; rolls (even, rolls of the same type often differ in the 

30 details of the material owing to the difference in the manufacture method fqr the material), etc. Therefore, where the rolls 
are ground by a predetermined constant grinding allowance, thereiroccur the problems mentioned below. 

© Where the 1 thermal/mechanical load imparted to the rollsiis small and the layer thickness of the thermal/mechan- 
ical damage zone generated inside them is thin, the rolls are ground to remove even the part not damaged (over- 

35 grinding), or that fe; the rolls are too much ground, whereby the roll consumption increases. 

@ Where the thermal/mechanical load imparted to the rolls is large and the layer thickness of the thermal/mechan- 
ical damaged zone generated inside them is thick, the damaged zone still remains even after the rolls are ground, 
by a predetermined constant grinding, allowance. When the thus-ground rolls, are tested, some false indications 
occur. In that case, the rolls will have to be further ground. However, since the layer thickness of the rernaining ther : 

40 mal/mechanicat damaged zone is notclarrf ied, the grinding allowance of the additional grinding must be the same 
as that of the initial grinding: In most cases, therefore, the rolls are too much ground (overground), or that is ; the 
degree of the total grinding is too large, whereby the roll consumption increases. . 

<D The overall time taken for grinding the rolls is prolonged by the time taken for the over grinding, and the roll 
grinding efficiency is lowered/ : . 

45 . • ... •• "•• ■ . . • 

[0012] In the ultrasonic test apparatus disclosed in J P- A- 7-294493, nothing is taken into consideration relative to the 
relationship between the rotating speed of the structure to be tested and the necessary amount of the coupling liquid 
medium. However, depending on the rotating speed of the structure to be tested, the amount of the coupling liquid 
medium that is trained by the rotating surface of the structure being tested varies. For example, with the increase in the 

so rotating speed of the structure being tested, the amount of the coupling liquid medium that is taken out of the gap 
between the probe and the surface of the structure increases, thereby resulting in that the amount of the coupling liquid 
medium to be in the gap between the probe and the surface of the structure is short. As a result, ultrasonic waves could 
not be well transmitted into the structure to be tested, and some surface flaws of the structure could not be detected. 
On the contrary, when the rotating speed of the roll is slow, the surplus coupling liquid medium flows out ahead of the 

55 probe, thereby attenuating surface waves. In that case, some surface flaws of the structure could not be detected. 
[0013] No concrete disclosure is given in JP-A-4-276547 and JP-A-7-294493, relating to the surface wave probe used 
therein, and therefore the details of the probe are unknown. However, it may be considered that a conventional known 
surface wave probe would be used therein. One conventional surface wave probe comprises a piezoelectric element, 
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and a wedge via which an ultrasonic wave * introduced 

ens defined to satisfy the following formula (1) according to the laws of refract,on. 

ei = sin' 1 (CW/CRs) (1) 

wherein CW indicates the velocity of the ultrasonic wave in the wedge, and 
CRs indicates the velocity of the surface wave traveling inordinary steel. 



20 



25 



30 



„ sis 

from that on ordinary steel of being 2980 m/sec. bva surface wave probe is effected according 

[0 01 8] Transmission and receipt of ^ J^J^^^^^"^ angle ei is so defined 
to the refraction phenomenon expressed .n the above ™er*oned torn* h depending on 

waves. H not. transmissionAeceipt efficiency of the surface waves will lower ^ ^ on ord . 

[00191 At present, however, the incident angle thus^eteJn ed MM 

steel of being 2980 m/sec. and surface wave probes are designed ^ J«*J«"^ tool steel rolls significantly differs 

differs from ». opfimum »r»le to %^£Z%££Z?* o, ..round a roll grinding equipment. 

[00201 Ultrasonic testing ol high -speed tool steel JfJ^™* fl,. mo,^, mentors, etc, and the 

in man, cases, the mechanical J^f^^^5«^^c«e. since transmissiorVreceipt 

ing are lowered. . rminori in^rcordance with the-surface wave velocity on a high-speed 

[00211 Even when the indent angle D. rs determined * a ^™f™; ™ ™ ^ a traJ mus-detefrnined rnd- 
tod steel rdl of a specific material and s surface r^^^S^^SX^^»» smallest or largest 
dent angie. and when the surface wave velocity >MrM ^ to , , he highspeed 

SSI * —S— r ■> the testing „e <-™^Z^£?~££SZ« mate,* a 

- ^^^^^^ 

r^landr,^ ^ the,- 

s^a^^ 
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from the flaws, even when the materials of the roils differ owing to the difference in the production method, and in which 
the incident angle for the probe is specifically defined. 

DISCLOSURE OF THE INVENTION 

[0027] The invention is a method for ultrasonic testing of columnar structures, in which a surface wave probe is con- 
tacted with the surface of a rotating columnar structure via a coupling liquid medium existing therebetween, and a sur- 
face wave is propagated into the columnar structure from the surface wave probe while the probe receives the reflected 
waves from the flaws existing in and just below the surface of the columnar structure so as to detect the flaws. In the 
w method, where the center frequency of the surface wave to be transmitted and received.by the surface wave probe is 
fc in the frequency spectrum, the frequency bandwidth within which the spectrum magnitude falls the range between 
the peak value and the peak value - 6 dB covers at least 0.50 fc or larger. The method of the invention has attained the 
above-mentioned first subject matter. 

[0028] In the ultrasonic testing method of the invention to attain the above-mentioned f irst subject matter, the pulse 
75 length of the surface wave pulse which the surface wave probe transmits and receives is at most 2.5 times the wave- 
length of the surface wave that propagates on the columnar structure. 

[0029] The invention is also an apparatus for ultrasonic testing of columnar structures, in which a surface wave probe 
is contacted with the surface of a rotating columnar structure via a coupling liquid medium existing therebetween, and 
surface waves are propagated into the columnar structure from the surface wave probe while the probe receives the 

20 reflected waves from the flaws existing in and just below the surface of the columnar structure so as to detect the flaws. 
In the apparatus, the surface wave probe that transmits and receives the surface wave is provided with a wedge as dis- 
posed on the front surface of The piezoelectric element of the probe and with a damping block as disposed on the back 
surface of The piezoelectric element. The apparatus of the invention has attained theabove-mentioned first subject 
matter. ' "* 

25 [0030] In the invention, the piezoelectric element material is any of a lead meta-niobate. a lead titanate. a 1 -3 type 
piezocomposite material (this is composed of rods of lead zirconate titanate (hereinafter refferred to as PZT) set in an 
epoxy resin matrix), a 0-3 type piezocomposite material (this is a piezoelectric material having piezoelectric ceramic 
grains as uniformly dispersed in polymer matrix), or a 3-1 type piezocomposite material (this is a piezoelectric material 
as prepared by forming a large number of through-holes in a plate of lead zirconate titanate (PZT) followed by casting 

30 an epoxy resin or the like into those through-holes and solidifying it therein). : ; . 1 

[0031 ] In the invention, the wedge is made of a polyimide resio,. a polystyrol resin, an acrylic resin, or a fluorine resin 
(Teflon). ■,- ,^v, ■■ - - • . r v.- • >. • •• • , -- . . 

[0032] As shown in Fig. 1 , the.surface wave probe 1 0 of the invention is essentially composed of a piezoelectric ele- 
ment 10A, a damping block 10B and a resin wedge 10C. When the center frequency of the surface wave which the sur- 

35 face wave probe 10 transmits and receives is represented by; fc/ then the frequency bandwidth for the probe 10 is 
defined to be at least 0.50 fc or larger. 

[0033] Specifically, when the frequency spectrum of the surface wave which the surface wave probe 10,transmits and, 
receives is to have a frequency distribution as conceptually shown. in ; Fig. 2, the frequency bandwidth within which the 
spectrum magnitude (signal magnitude).falls the range between the peak value and the peak value - 6 dB and which is. 
40 represented by (fR -1L) is defined to satisfy the following torrnula (2); . : - . 

fR-fl_£ O.SOfc, . . ■ , (2). 

[0034] In the invention, as.above, the frequency bandwidth for the surface wave probe 1 0 is broad and is equal to or 
45 larger than 0.50 fc. The concrete constitution of the surface wave probe 10 is described. As the piezoelectric element 
1 0A, usable are any piezoelectric material having a low mechanical Q value ?uch as leap! meta-niobate.piezocomposite 
material illustrated in Figs. 23 to 25, etc,, or any other piezoelectric material capable of being mechanically damped with 
ease even though having a high mechanical Q value, such as lead titanate, etc. the mechanical Q value as referred to 
herein is meant to indicate the sharpness of the resonance. Piezoelectric elements having a larger mechanical Q value 
so vibrate for a longerduration when they are driven by electric pulse. The center frequency fc of the surface wave to be 
transmitted and received by the probe must be chosen depending on the grain size and the surface roughness of the 
material to be tested. For example, for rolls for rolling mills, the center frequency fc preferably is chosen between 1 and 
4 MHz. * 

[0035] The damping block 10B is made of a solid substance to be prepared by mixing a fine powder having a large 
55 specific gravity, such as metallic tungsten or the like, with an epoxy resin or the like followed by solidifying the resulting 
mixture. The damping block 10B is attached to the back surface of the piezoelectric element 10A, by which the defor- 
mation of the piezoelectric element 10A is damped. The damping block having a larger volume fraction of the heavy 
powder such as metallic tungsten or the like is to have a larger weight and its damping effect on the piezoelectric ele- 
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ment is greater, thereby resulting in that the length of the ultrasonic pulse from the probe is shortened. = 
I0 036] The piezoelectric element 10A and the damping block 10B are so ^^^^^^^^^^ 
ution defined as above, and the probe comprising them can produce (transit*) an ultrason.c pulse of wh ch the fre 
quency bandwklth is at least 0.5 fc or larger and the pulse length is at most 2.5 t,mes the wavelength of the surface 

elemem 10A is attached to the inclined surface of the wedge 

as possible, far exanpkH may be made of a pol^^ . 

,5 ei =sin' 1 (CW/CR) / ■ (3) 

wherein CW indicates the velocity of the ultrasonic wave in the resin wedge, and . 
CR indicates the velocity of the.surface wave traveling in the columnar structure to be tested. — 

20 [00381 DifferentsurfacewaveprobeslOha^^^ 

SktStSby changing the material of the damping block, and checked for the relationship 

The data obtained are shown in Fig. 3, in which the frequency bandwdth 
equal to the center frequency fc is designated as 100 % ' . 

x 100391 From Fig 3 it is known that the probes having a frequency bandwKfth of at least 50 A or large, can PtMuce. 
SuteS of which the pulse length is at most 2.5 times the wavelength of the surface wave to be produced .The sur, 
^ pTlusUu^ tohave a short pulse length is applied to flaw detection of ^^"ZT^ 
feriS Sry cracks K. Also in that case, combinations of small reflectors K1 to K4 between that the ddferenc ,m 
helScTfrom * surface wave probe 10 is U2. X indicating the wavelength of ^ ^^^Ra 9 21 
so smactuS being tested, always exist in the structure, as in the case described hereinabove with reference £ 

S Ra 4 Sows the waveforms as observed in ultrasonic* testing of a structure, in wh.ch was used a short uftra- 
^pJ^^^b^nH^ of not smaller than 0.70 fc and a pulse length of being 1^5 torus iih. wave, 
S SSe 2e wave traveling in the structure, for testing tKe regions having therein small reflectors such a^ those, 
rnton^aSve. and this corresponds to the above-mentioned Fig. 22 showing the waveforms observed,, conven- 

»EIJ£3Z&t!* applied is short, and that even though those reflected waves <^»^*ft«* - 
otter £e irSeas : in tfi arnpMude of the wave to be observed is small. Accordingly, when the surface wavejxob M0 , 

Benton which is soTesigned that rt can transmit andreceive a surface wave pulse having a short putee length 
ZZZZ £ Action of rolls having innumerable remaining primary cracks K. the increase ,n theamphtude of the 
reflected waves from the remaining primary cracks K is effectively prevented. • 
oS SSSLnice wave probes having a center frequency Of 2 MHz but having a vary.ng-frequency bandw,dth (or 
K a varying pie lengS) were tested fc the relationship between the heightdf the ^'^^f* 0 ^^ 
ma?v cracks K in a work roll for former stands in finishing" train, and the ratio of (pulse length/wavelength of surface 
wive) an^he daL oWained are shown in Fig. 5. .n this test, the height of the reflected waves ^re^esent ed w* 
Te^ rince to *e height of the reflected wave from a drilled hole that had been drilled toward the rad«. d.recton to have 
a diameter of 1 mm and a depth of 1 mm. and the depth of the primary cracks K was about 0^15 mm. _ ^ 
[0043] in the drawing, the measured points A1. A2 and A3 are for the, inventon. for ^^^'^/^ 
OA cJ the surface wave probe 10 used was of a lead met^niobate. and the damp.ng Wo* =10B^ the pn*e , Owas 
made of a mixture of an epoxy resin with a metallic, tungsten powder hav.ng a volume fraction of 80%, 60 Aor40%^ 
^Le^S id B2 Sfor comparative examples, for which the piezoelectric element 10A used was of PZT. and 
nTo^ing block 10B was made of a mixture of an epoxy resin with a metallic tungsten powder 
£ n Z m 3 'at 60 % respectively C1 and C2 are for conventional examples, for which the piezoelectric element 10A 
S ^wfs ot P^fto^tfdtfer in the mechanical Q value in some de^ 

used-TiepUhe rmttersspecrfically mentioned herein, substantially the same apparatus was used for the measure- 

IJSwj From Fig. 5. it is known that the shorter pulse lengths gave reflected waves having a more lowered height from 

the primary cracks K. 
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[0045] Next, materials suitable to the piezoelectric element 1 0A and those suitable to the resin wedge 1 0C were inves- 
tigated in detail. As the damping block. 1 0B, used was a solid mixture of an epoxy resin and a metallic tungsten powder, 
as in the above. In the mixture, the volume fraction of the metallic tungsten powder to be mixed with the epoxy resin was 
80 %, 60 %, 40 % or 20 %. For the piezoelectric element 10A, selected were a lead meta-niobate, a lead titanate. lead 

* zirconate titanate (PZT), barium titanate, lithium niobate. a 1-3 type piezocomposite material (Fig. 23), a 0-3 type pie- 
zocomposite material (Fig. 25), and a 3-1 type piezocomposite material (Fig. 24); and for the resin wedge 10C, selected 
were a polyimide resin, a polystyrol resin, an acrylic resin, and a fluorine resin (Teflon). Different surface wave probes 
were produced in that manner, and tested to measure the frequency bandwidth and the pulse length of the surface 
wave to be transmitted and received by them. In addition, in the same manner as in the test for the data shown in Fig. 

10 5, those surface wave probes were further tested to measure the height of the reflected waves from the primary cracks 
K in the same work roll for former stands in finishing train as that used in the test for the data in Fig. 5. For this, the height 
of the reflected waves was represented with reference to the height of the reflected wave from a drilled hole that had 
been drilled toward the radial direction to have a diameter of 1 mm and a depth of 1 mm, just in the same manner as in 
the test for the data in Fig. 5. The data obtained in the test in which the damping block 10B used had a volume fraction 

75 of the metallic tungsten powder of 80 % are shown in Table 2; those in which the damping block 1 0B used had a volume 
fraction of the metallic tungsten powder of 60 % are shown in Table 3; and those in which the damping block 1 0B used 
had a volume fraction of the metallic tungsten powder of 40 % are shown in Table 4. In those Tables, the data of the 
probes with which the reflected waves from the primary cracks K had a height of larger than -1 1 dB (that is, the height 
of the reflected waves from the primary cracks K as seen by the use of the probes was not lower by at least 3 dB than 

2 o that as seen by the use of conventional probes) were omitted, except those of the probes having a PZT The data of the 
probes having a PZT are in those Tables as comparative data. Table 5 shows the data obtained in the test in which the 
damping block 10B used had a volume fraction of the metallic tungsten powder of 20 %. As shown in Table 5. the height 
of the reflected waves from the primary cracks K was higher than -1 1 dB. Referring back to Tables 2 to 4, it is under- 
stood that, in all cases, the lead meta-niobate, the lead titanate, the 1-3 type piezocomposite material, the 0-3 type pie- 

25 zocomposite material and the 3-1 type piezocomposite material are all usable.as the piezocomposite material 10A. It is 
also understood therefrom that the polyimide resin (having an attenuation coeff icient at 2 MHz of 1 .2 x 10" dB/m), the 
polystyrol resin (having an attenuation coefficient at 2 MHz of 1,3 x 10" 2 dB/m), the acrylic resin (having an attenuation 
coefficient at 2 MHz of 1 .8 x.10" 2 dB/m), and the fluorine resin (Teflon, having an attenuation coefficient at 2 MHz of 1.8 
x 1 0* 2 dB/m) are all usable as the resin wedge 1 0B. Accordingly, \\ is known that the wedge member may have an atten- 

30 uation coefficient at 2 MHz of not larger Than 1 .8 x 10' 2 dB/m. Comparing the ^Jata in Tables 2 to 4 with those in Table 
5, it is understood that the volume fraction of the metallic tungsten powder td be in th€> damping block 1 0B must be at 
least 40% or larger: /■! ^ , . f 0 . ; , , 

[0046] Using a conventional surface wave probe, of which the puls>$ length is 5 times the wavelength of the surface 
wave to be produced; in a substantially same condition, we, the present inventors carried out an experiment of ultra- 

35 sonic testing of work rolls for former stands in finishing train. Through that our experiment, we conf irmed that the height 
of the reflected waves from the- primary cracks as seen in the testing just befpre the final roll grinding process was 
higher by 3 dB than that as seen in thetesting after the final roll grinding process. Accordingly, it is believed that, if the, 
height of the reflected waves fromthe primary cracks K seen in the ultrasonic testing be reduced by at least 3 dB, the 
number of the roll grinding repetitions .could be reduced by. at least one time. In this connection , th e roll grinding pah be 

40 finished when the height of reflected waves from the primary cracks on the ground roil.are equal to or lower than pre- 
determined threshold voltage. 

[0047] Accordingly, as shown in.Fig.-5. when the pulse length of the surface wave probe, with which the data of the 
height of the reflected waves from the primary cracks measured is lower by at least 3 dB than the data C1 as measured 
with the conventional surface wave probe whose pulse length is 5 times. the wavelength of the surface wave to be pro- 

45 duced. is at most 2.5 times the wavelength of the surface wave to be produced, then the difference between the meas- 
ured data A3 and C1 is 3 dB. ln that case, therefore, the number of the roll grinding repetitions, could be reduced by at 
least one time. ■ * ; - 1 . • 

[0048] Again referring back to Fig. 3, it may be said that the bandwidth of the surface, wave probe capable of trans- 
mitting and receiving surface waves of which the pulse length is at most 2.5 times the wavelength of the surface wave 

so to be produced is suitably 50 % or larger. Accordingly, it is understood that defining the frequency bandwidth for the sur- 
face wave probe to be 0.50 fc or larger is effective for reducing any overgrinding of rolls to be caused by false detection 
of primary cracks of the roljs. This is the ground for defining the frequency bandwidth for the surface wave probe to be 
0.50 fc or larger in the invention. 

[0049] As has been described in detail hereinabove, a specific surface probe is used in the invention, for which the 
55 frequency bandwidth is defined to be 0.50 fc or larger and the pulse length is to be at most 2.5 times the wavelength of 
the surface wave to be produced. Comparing the data as measured by the use of the conventional surface wave probe 
of which the pulse length is about 5 times the wavelength of the surface wave to be produced (in Fig. 5, C1 point), and 
those as measured by the use of the specific surface wave probe of the invention (in Fig. 5, A1 to A3 points), it is known 
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that the height of the reflected waves from primary cracks K as measured by the use of the specific surface ^v* probe 
of the fnvSl is lower by from 3 to 6 dB than that as measured by the use of the conventual surface wave probe. 
[0050] in the same manner as above, we. the inventors further carried out an experiment cracks .having 
a depth of 0.5 mm in rolls in which primary cracks K having a depth of about 0.10 mm remain 
tool steel rolls in which primary cracks K having a depth of about 0.25 mm remain. Through that our experiment we 
old^ 

the oulse lenoth was 1 5 times the wavelength of the surface wave produced was 10 dB and the S/N ratio ot tne 
S^^frirJlh. cracks as measured by the use of a surface wave f£«^£ffi£Z£%£: 
times the wavelength of surface wave produced was 7 dB. whrte. on the other hand, the S/N rate- of ™e reflected "W* 
r^ the cracte as measured by the use of a conventional surface wave probe of wh.ch the pulse length was about ,5 
^^SSirSJirt^. wave produced was about 4 dB. By use of the method of the irwen t,on. therefore 
relg^rno^ratio of the reflected waves from cracks could be higher by about 3 to 6 dB than that by use of the 
conventional method, and the detectability in the invention are significantly enhanced^ illll5trated in Fia , in 

[0051] Next, using an ultrasonic testing apparatus equipped wrth the surface wave probe 10 i lusttated in ^Rg^L in 
which the piezoelectric element 1 0A, the damping block 1 0B and the resin wedge 1 0C are made of a lead meta-niobate, 
frSure of an epoxy resin with a metallic tungsten powder having a vo.ume fraction of 60 % and a po.yim.de ^esm. 
Te^Sy. We. inventors further carried out an experiment of inspecting 500 work rolls for _ forme, ^ands „ ,™sh- 
ng tSn Specifically, in the experiment, we measured the decrement in diameter of each roll until the ,h«ght of the 
ref lected waves from the primary cracks (fire cracks) in each roll reached a predetermmed level or lower. Using aether 
utt alSc^raP^a^ equipped with a conventional surface wave probe of which the pulse length is about 5 t.mes 
th^ShThe surface wave to be produced, we carried out the same experiment. As « "^^^J^ 
diameter of rails by grinding by use of the apparatus equipped with the conventual surface wave Pr*e was 0 .33 ^nm 
onTeaverage. while the decrement in diameter of rolls by grinding by use of the apparatus equ W ^ 
uuauo nrnhp of the invention was 0.2 mm on the average. . . , iL . : 

ToosT^ in his experiment, the decrement in diameter of rolls by grinding on the basis of the 
ion is lowJred by at least 0.1 mm on the average, as compared with that on the basis of the ^^^f^; 
hi inT^n we confirmed that when the roll having been ground in that manneron the basis £ ^ tech^que f * 
invention was used in rolling sheets, the degree of the surface flaws that appeared in the rolled shee s owing to he h 
s^Cs formed on^he suLe of the roll irTuse was substantially the same as that in the sheets having been rolled 
bv the use of the roll as tested and ground on the basis of the conventional technique. ' _ : u>k=, 

^invention also provided an ultrasonic test apparatus** detecting flaws in cdumnar structures. ,n whKh a 
Se waS pTobe is contacted with the surface of a rotating columnar structure via a coupling l,qu,dmedmm existing 
surface wave is propagated into the columnar structure from the ^ 
probe receives the reflected waves from the flaws existing in and just below the surface of the columnar structure so as 
fo*e^Se?tews The apparatus comprises a columnar structure-rotating means for rotating the columnar structure 
n ^eScurnflrSia. direS of the Jtructure; a rotating speed-monitoring mea ^™ il ^ 
the columnar structure being rotated by the columnar structure-rotating means; a holder ^ansforholding 1 Bie su rface 
^ve prooe above the columnar structure to ensure a predetermined distance between the probe and the surface of 
The coi mnar structure; a scanning means for scanning the probe in the axial direction of the str^ure * «*W -£ 
ply means capable of supplying a liquid medium to be a coupling medium for ultrasonic waves.tp the 9^ f e ^\* e 
Ewbe and *e surface of the columnar structure and provided with a flow contro. valve capable of contro^ 
Mnq me flow 'r£e of the liquid medium in accordance with the rotating speed of the columnar structure to be rotated by 
he" oLraSru^ure-rotating means; a surface wave probe which is provded with •J^^'S^g* 
disposed on the front surface of the piezoelectric element and a damping block disposed ^thaback ^^11 orobe 
zotStric element, so that, where the center frequency of the surface wave 

is fc in the frequency spectrum, the frequency bandwidth within which the spectrum magnitude falls * e ™9 e J^**" 
he peaktalue and ttepeak value - 6 dB covers at least 0.50 fc or larger, and that the probe is capable of ^ecbng the 
«Zt£ columnar structure using surface waves; an ultrasonic pu.ser/receiver capable ^y^e surface 
wlvl probe, an electric pulse for product a surface waves and capable of amplifying the signals which the surface 
wave probe has received to a level necessary for flaw detection and outputting it; a gating means for 
nZ £ flaw detection from the signals which the ultrasonic pulser/receiver has outputted. and outputting .«^and . 
peak detector/comparator means for detecting the amp.itude of the signals which the gating means has outputted. and 

thuT?etected signals, or for cornering the leve^ of 
a redetermined threshold voltage and. When the level of the thus-compared signals is large, outputting signals that 

SSI*?? £83^ apparatus noted above where one surface of the wedge of the probe is ? ^*jdjh- Ih. 
normal lineVelative to the inclined surface intersects the normal line relative to the bottom surface of the wedge to be 



8 



EP 0 965 839 A1 



contacted with the surface of the columnar structure to be tested via a coupling medium existing therebetween at an 
incident angle 9i to be defined by the above-mentioned formula (3) and where the front surface of the piezoelectric ele- 
ment of the probe is attached to the thus-inclined surface of the wedge, the surface waves having been transmitted by 
the probe can be well propagated into the surface of the columnar structure. 

£ [0055] We, the present inventors further carried out still another test experiment using a high-speed tool steel roll hav- 
ing artificial flaws therein. In the experiment, the rotating speed of the roll was varied, and a varying amount of a cou- 
pling liquid medium (as the medium, water was used in the experiment) was applied to the rotating roll in order to 
determine the suitable amount of the coupling medium via which the ultrasonic wave having been produced by the 
probe could be stably transmitted into the roll surface without any surplus liquid medium flowing ahead of the probe, 

io and the height of the reflected waves from the artificial flaws could be kept constant. The data obtained in the experi- 
ment are shown in Fig. 6. Where the amount of the medium (water) falls within the range as shadowed in the graph of 
Fig. 6, the ultrasonic waves from the probe are stably transmitted to the roll surface. From the data obtained, it is known 
that, with the increase in the rotating speed of the high-speed tool steel roll being tested, the amount of the liquid 
medium to be supplied to the rotating roll must be increased. Accordingly, when the rotating speed of the high-speed 

is tool steel roll being tested is monitored by means of a rotating speed monitor and the amount of the liquid medium to 
be supplied to the roll is controlled in accordance with the rotating speed of the roll by means of the flow control valve 
as provided to the coupiant supply means, then a suitable amount of the coupling liquid medium can be supplied to the 
gap between the probe and the surface of the roll. In that manner, the transmission of the ultrasonic wave from the 
probe into the roll surface is stabilized, and any surplus liquid medium is prevented from flowing ahead of the probe. 

20 [0056] To attain the above-mentioned third subject matter, the invention further provides a method of grinding a roll of 
which the surface has been thermally/mechanically damaged. In the invention, a surface wave probe is contacted with 
a roll to be ground or being ground, via a membrane of a coupling medium existing therebetween, while the roll is 
rotated, so that surface waves from the probe is propagated into the roll surface while removing the liquid from the path 
of surface waves, and the height of the reflected waves from the thermally/mechanically damaged parts existing or 

25 remaining in the surface of the roll is measured, and the grinding allowance of the roll is determined in accordance with 
the thus-measured height of the reflected waves. : 

[0057] The surface wave probe for roll testing in the invention is contacted with the surface of a rotating roll via a cou- 
pling medium existing therebetween, and this comprises at least a piezoelectric element and a wedge that introduces 
the ultrasonic wave from the piezoelectric element into the roll surface at an incident angle 6i. In the invention, the probe 
30 is so disposed that it produces the surface waves into the roll surface and detects the flaws existing in and just below 
the roll surface using the thus-produced surface waves. In this.vthe incident angle 0i is defined to satisfy the following 
formula (4), by which' the above- mentioned subject matter is attained; \ 

ei-sin* 1 (CW/CRav) ; - < (4) 

wherein CW indicates the velocity of the ultrasonic wave in the wedge; arid - .. •- - 
CRav indicates the mean value of the velocity of the surface-wave traveling in each roll to be tested. . 

[0058] The incident angie ei is an angle to the plane vertical to the roll surface. r 
40 [0059} To attain the above-mentioned subject matter, the invention still further provides a method of defining the inci- 
dent angle for a surface wave probe for roll testing, in which the probe is contacted with the surface of a rotating roll via 
a coupling medium existing therebetween, and this comprises at least a piezoelectric element and a wedge that intro- 
duces the ultrasonic wave from the piezoelectric element into the roll surface at an incident angle Oi, while being so dis- 
posed that it produces the surface'waves into the roll surface and.detects the flaws existing in and just below the roll 
45 surface using the thus-produced surface waves, and in which the incident angle 0i is defined to satisfy the above r men- 
tioned formula (4). 

[0060] Using the surface wave probe, we, the present inventors carried out still another experiment to know the rela- 
tionship between the height of the reflected waves from the thermally/mechanically damaged parts of a roll, and the 
layer thickness of the still remaining, thermally/mechanically damaged parts of the roll (in.the experiment, when the 

so height of the reflected waves measured is lower than the threshold voltage for flaw detection, we say that the remaining 
layer thickness of the damaged part is zero). In the experiment, we ground rolls that had been thermally/mechanically 
damaged in rolling operation, little by little, while measuring the height of the reflected waves from the ther- 
mally/mechanically damaged parts of each roll to know the relationship noted above. The data we , obtained are in Fig. 
7, from which it is well known that, with the decrease in the remaining layer thickness of the thermally/mechanically 

55 damaged parts of the roll tested, the height of the reflected waves from the thermally/mechanically damaged parts low- 
ers. From the data in Fig. 7, obtained was the relationship between the grinding allowance of the roll for removing the_ 
thermally/mechanically damaged parts from the roll, and the height of the reflected waves from the thermally/mechan- 
ically damaged parts. This is as shown in Fig. 8. Accordingly, before or during grinding rolls, the height of the reflected 
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waves tromthe .her^echartcaHy dodged parts of ea* ro. is measure . b, su*« ^£f££ 
nSsS a£ tTtJ Tron is .urthe, grcund in aocorfance «, .he determined grinding aii^ance. 

■^^T^^e thus ground is the grinding allowance for removing the *»™^'™* h ™^*™*** 
paf^orn thl e^re surface of the ro... According to the Undetermined grinding allowance, the enfre surface of the 
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rot! may be ground. 
BRIEF DESCRIPTION OF THE DRAWINGS 



[0063] 

RO. 1 i S an enlarged, cross-sectional view showing the outline of the structure of a surface wave probe to be used 

30 Ffa2 i^a araoh for explaining the frequency bandwidth for the surface wave probe. - ^ j _ • 

Rg 3 r a gr%h shSng the relationship between the frequency bandwidth for the surface wave probe and the 

35 R^^sh^^ 

r? 6 li'a^^ rota^ng speed of a'ro.. and a preferred amount of the ecu- • 

P?^^^ SSS to the'gap between the probe and the ro.,. which is for exp.ain.ng the pnnc,p. e 

40 S£ IsTg^h showing the re.ationship between the height of the M^. "^^XlTSSl 
damaged parte of a roll and the remaining layer thickness of the thermally/mechan^ally damaged parts, which is 
also for explaining the principle of the invention. ' " ' reflected 

Fta 8 is aqraph showing the relationship between the grinding allowance of a roll and the he ght of the ref ected 

„ wavifrom 9 ^^ 

Rg" 9 is a perspective view showing the retationshfr between the posrtion of the grindstone and that of the surface 

wave probe in plunge grinding of a roll, which is also for exptaining the principle of the invention. 

R^IO isa side viei showin^the outline of the constitution of the first embodiment of the uftrason,c test apparatus 

50 of the invention. „■ ,• 

Rg 11 is an enlarged front view showing the probe holder partm the first errtood.rnent ^ 

Fig i 2 i S ar*rtl y 4avedside^ 

55 Ra S 14 rJSh^showing the data of an experiment for the second embodiment relative to the relationship 
Sween hS?fTe ?ef.ected waves from the flaws and the rotating speed of a ro... for wh,ch the rotate 
speed of the roll was varied for flaw detection according to the second embodiment. 
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Fig. 1 5 is a side view showing the outline of the constitution of the third embodiment of the ultrasonic test apparatus 
of the invention. 

Fig. 16 is a side view showing the outline of the constitution of the fourth embodiment of the ultrasonic test appa- 
ratus of the invention. 

£ Fig. 17 is a graph showing the data of the height of the reflected waves from artificial flaws in five rolls, for which 

were used a probe F of the invention and conventional probes G, H. 

Fig. 18 is a graph showing the data of the signal-to-noise ratio for the reflected waves from artificial flaws in five 
rolls, for which were used the probe F of the invention and the conventional probes G. H. 

Fig. 1 9 is a graph showing the data of roll testing for 20 surface flaws, in terms of the signal-to-noise ratio, for which 
w were used the probe F of the invention and the conventional probes G, H. 

Fig. 20 is a conceptual view for explaining the cracks to be formed in the surface of a work roll for former stands in 
finishing train, in the circumferential direction of the roll. . 

Fig. 21 is an explanatory view showing the relationship between the position of a surface wave probe and that of 
small reflectors 

is Fig. 22 is an explanatory view indicating the relationship between the waveform to be observed in a conventional 

method, and the reflected waves from small reflectors. 

Fig. 23 shows one example of the piezoelectric element for the invention (this is a 1-3 type piezocomposite mate- 
rial). 

Fig. 24 shows, another example of the piezoelectric element for the invention (this is a 3-1 type piezocomposite 
20 material). 

Fig. 25 shows still another example of the piezoelectric element for the invention (this is a 0-3 type piezocomposite 
material). 

BEST MODES FOR CARRYING OUT THE INVENTION 

25 " 

[0064] Embodiments of the invention are described in detail hereinunder, with reference to the drawings. 
[0065] Fig. 10 is a side view showing the outline of the constitution of the first embodiment of the ultrasonic test appa- 
ratus of the invention 

[0066] The ultrasonic test apparatus of this embodiment is for testing the.roll 1 1 0, and its basic constitution comprises 
30 a roll rotating device for rotating the roll 1 10. a surface wave probe 10 for transmitting and receiving the surface waves 
in the roll 1 10, a probe holder 12 for holding the probe 10, and a couplant supply means for supplying a coupling liquid 
medium (water) to the gap between the surface of the roll .110 and the surface wave probe 10. The supply means is 
connected with the holder 12, and this will be described hereinunder. 

[0067] For simplifying the drawing, the roll rotating device is not shown therein. This may be any known one, provided 
35 that it acts to rotate The roll 1 10 to be tested in the circumferential direction C of the roll, 

[0068] For the surface wave probe 1 0, the type of the piezoelectric^! ement and the composition of the damping block 
are so designed that the probe 10 can transmit and receive a surface wave having a frequency bandwidth of at least 
0.50 fc or larger and having a pulse length of at most 2.5 times the wavelength of the surface wave, 
[0069] The surface wave probe 10 is so disposed relative to the roll no to fc>e tested that the gap between the probe 
40 10 and the roll 1 10 could be filled with water (coupling liquid medium). In that condition, an ultrasonic wave is transmit- 
ted into the surface of the.roll 1 10 via water to produce surface waves that is propagated into the surface of the roll 1 10, 
and the probe 1,0 receives the reflected waves to detect the surfacef laws in the roll 110. 

[0070] The probe holder 1 2 holds the surface wave probe 10, and is supported by the supporting member 1 8 as fitted 
to the lower part of the guide 16, and the guide 1 6 is slidable up and down relative to the fixing member 14 as positioned 
45 above the roll 1 10. The supporting member 18 is provided with a pair of rollers 20 at its front and back, and the rollers 
20 total four. Between those rollers 20, disposed is the probe holder 12. When the apparatus is operated for roll testing, 
these four rollers 20 are rotated while being kept in contact with the surface of the roll, 1 10 so as to stabilize the test 
scanning. . * 

[0071 ] The fixing member 1 4 is provided with a motor 1 4A which is to supply power for sliding up, and down the sup- 
so porting member 18 along the guide 16, through a known mechanical means (not shown), and with afitting base 14B for 
the motor 14A. 

[0072] The fixing member 14 can be scanned in the axial direction of the roll 1 10 by a scanning means (not shown), 
whereby the surface wave probe 10 can be scanned in the axial direction of the roll 110. 

[0073] The probe holder 12 is fitted to the lower end of the rod member 12A, and the rod member 12A is loosely. 
55 clamped to the supporting member 18 so that it is movable up and down relative to the member 18. In that condition, 
the probe holder 12 is supported by the supporting member 18 while it is all the time pressed downward in the drawing, 
or that is, against the surface of the roll 110 by means of springs (not shown) provided at predetermined positions 
around the rod member 12 A. * 
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[0074] The probe holder 12 is provided with a pair of following rollers 22 which are for terming ^^SL^ 
Cen the surface wave probe 10 and the roll 110 and which protrude from beneath the surface wave probe 10 

r00751 ^FiQ 0 " Vis an enlarged front view showing the condition, in which shafts 24 are disposed atthe both opposite 
S32?of the probe nolder 12 in the horizontal direction (that is. in the axial direction of the roll 110),and each of the 
22Siig rollers 22 is rotatab.y fitted to each shaft 24. In that manner, the fo.low.ng rc *» 22» I ^. 
S on the probe ho.der 12 receive suitable pressing force from the above-mentioned spnngs and are ^ all the t,me ^kept 
?rTcontact wrth the surface of the roll 1 10 while the roll 110 is tested. According to the constitution of the probe holder 
^otl a^e me s^ce wave probe 10 is he.d above the roll 110 in such a manner that a predeterm.ned.gap ,s 
oncurpd all the time between the probe 10 and the roll 1 10. . " 

SuVT t shVwnl i F.g. 12 ,n wh.ch the details of the probe holder 1 2 and the following rollers 22 are omrtted but the,r 
Ss af e donated by twoOotted l.nes. the probe holder 12 is provided with a water supply (water-supply.ng 
means) Water having been led through the duct 28 is once stored in the storing body 26A and I * 

Z t oU hTough the outlet hole 26B formed at the bottom of the storing body 26A. In that manner, a non-bubbl.ng i water 
S?Sd between the surface wave probe 10 and the roll 110. The water supply may be any known conventual 

one and the detailed description of its stiuctureis omitted herein. . ■ 

?007^ in Fig 1 0. the normal reference 30 -ndicates a scraper for scraping water so that water having been supped 
fromVhe water supply 26 -n the manner noted above is prevented from remaining on the surface of the roll and flowing 

mert ensures the testing o. ro«s „ a ample manner while water to be a coupling medium for rt^™™™** ' 
tfonThr^ ioandthesurfaceofthero.1 1 10 to be tested and wh.le the probe 

10 is scanned and moved on the surface of the roll 110. \ ; ; 

007« Adding to this en*od,ment 500 work rolls (high-speed tooUsteel rolls) for former stands ,n.f.n,sh,ng tra.n 
weTLte^d me deaemen, ,n dumeter of each roll by grinding until the height of the reflected wavesfrom primary 
c^adi wWc'h are so-called f .re cracks reaches a predetermined level or lower was measured. Us.ng another uHrasomc 
St^us i^tith a convenbona. surface wave probe of which the pulse .ength is about 5 
Sothof the surface Wave to be produced.' the same rolls werealso tested in the same manner. As a result, the decre-. 
meS in yamS each roll by gnnd-ng by means of the apparatus equipped with the conventual surface wave probe 
wSo 33 n^on mfaverage. wh,.e the decrement in diameter of each roll by grinding by means of the appara^s^of 
rh^ erntoZ^ was 0.2 mm on the average. As in this- experiment, the decrement in , d.ameter of rolls by gnr£.ng 
basi^Se technique of the invents is towered by at least 0.1 mm. as compared with that based on the^convent^nal 
Sque in this connection, it was corded that when the high-speed too. steel roll havm* .been ground ,n ^man- 
ner on the basis of the technique of the invention was used in rolling sheets, the degree of the surface defects that 
appealed X roC shS Lng to the small pits formed on the surface of the roll in use was substanfaUy the same 
Sa^thesheets having been ro..ed by me used the fdl as tested arxJgrou^ 

mm Referring to Fig. 13. the second embodiment of the invention that is suitable for testing high-speed tool steel 
oHs by scanning the surface wave probe 10 on the surface of each roll is described in detail hereunder. 
$m ^ th is enSSment. the rS lib * a high-speed to* steel ro... and me rotating speed <"^^2S 
Lyme rotatirig speed monitor 32. The data thus monitored arelransmrtted to me flow control valve 34 ^nectj ^ 
the water suppry. and me water ftow rate is so controlled as to be wimin the preferred range as .n Rg. 6 • Thas^nate 
ou^S^he surface wave probe 10 are inputted into-me peak detector/comparator arcurt 44 processed by me 
ultrasonic pulser/receiver 40 and the gating circuit 42 m that order. , r ^ Q lf , w^irinaihe 

[0082] The ultrasonic pulser/receiver 40 .s to supply an electric pulse to the surface wave probeJO for pr^9 ^ 
surface waves. In mis pulser/receiver 40. thesigna.s having been received by me surface wave P r ^° « ^'J 1 * 
a level necessary for flaw detection, and are outputted to me gating circuit 42. In me gating crcu-t 42 -* e *^f' s J° r 
SaWdetectioh are extracted from the signals having been buiputted from me ultrason.c pulserA-ecerver 40. a^eout. 
p!L, to the peak detector/cbrhparator circuit 44. In the peak detector/comparator arcurt 44. me peak amplrt^eofthe 
Sate having been outputted from the gating circuit 42 is detected, and the thus^ietected s.gnal .s outputted from rt. 
oMn Sis.^e level of the signals from the gating circurt 42 is compared wrth a predetermined I mreshold 
when me level bf the mus-cpmpared signal from me gating circuit 42 is large. signa,s that ,nd,cate .the ' P^^j 13 ^ 
in me roll being tested is outputted from the peak detector/comparator arcu.t 44. Be.ng operated .n mat manner, me 
apparatus of mis second embodiment detects me flaws in rolls being tested. • 

[6*3] Uke mat in me first embodiment the probe holder 12 in me second embod.ment .s Pro^wrth a water sup- 
plyll in its inside, as shown in Fig. 1 2. The flow rate of water from the water supply 26 k corrtroHed by thellow corrtrol 
vale 34 according to the rotating speed (peroral speed) of the roll 110. In the water ^ * ^ >^ 
led through the duct 28 is once stored in the storing body 26A and is let out through the outlet hole 26B formed at me 
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bottom of the storing body 26A. In that manner, a non-bubbling water layer is formed between the surface wave probe 
10 and the roll 110. 

[0084] The others in this embodiment are the same as those in the first embodiment noted above and are designated 
by the same reference numerals as in the first embodiment. The detailed description of these others is omitted herein. 
5 [0085] High-speed tool steel rolls having surface flaws were tested by use of the apparatus of this embodiment, while 
their rotating speed was varied from 25 rpm to 50 rpm. The data obtained for the relationship between the height of the 
reflected waves from the flaws and the rotating speed of each roll are shown in Fig. 1 4. From these, it is known that the 
apparatus of this embodiment well detect the surface flaws in the high-speed tool steel rolls tested, irrespective of the 
rotating speed of the rolls. 

w [0086] Next, referring to Fig. 1 5, the third embodiment of the invention is described in detail hereinunder. 

[0087] In this embodiment; rolls to be ground or being ground are tested by means of surface waves. Specifically, in 
the apparatus of this embodiment, the height of the reflected waves from thermally/mechanically damaged parts of the 
roll 1 10 is measured, and the grinding allowance for the roll 1 10 to be ground is transmitted to the grinder 60 in which 
the roll 110 is ground. The grinder may be any known conventional one, and is not shown for simplifying the drawing. 
15 [0088] The surface wave probe 10 is connected with the ultrasonic flaw detector 50, and an electric pulse is supplied 
to the surface wave probe 10 from which the surface wave produced is transmitted into the roll 110. In the ultrasonic 
flaw detector 50, the signals which the surface wave probe .1 0 has received and outputted to the ultrasonic flaw detector 
50 are amplified to a level suitable to flaw detection. The ultrasonic ultrasonic flaw detector 50 is provided with a gating 
circuit (no shown) that may be the same as in the second embodiment, and the reflected waves from the ther- 
20 mally/mechanically damaged parts in the roll 1 10 are extracted from the amplified signals in the gating circuit. In the 
uhrasonic flaw detector 50, the height of the thus-extracted, reflected waves is measured. Having been thus measured 
in the ultrasonic flaw detector 50, the data of the height of the reflected waves from the thermally/mechanically dam- 
aged parts are transmitted to the computer 52, in which the grinding allowance for removing the thermally/mechanically 
damaged parts is determined with reference to the relationship as shown in Fig. 8. The thus-settled data of the grinding 
25 allowance are transmitted to the grinder 60, in which rolls are ground with, for example, a grindstone. 

[0089] The others in this embodiment are the same as those in the first and second embodiments noted above and 
are designated by the same reference numerals as in them. The detailed description of these others is omitted herein. 
[0090] According to this embodiment, 200 work rolls for former, stands in finishing train were tested, and the decre- 
ment in diameter of each roll by grinding was measured.. Apart frojxi this, the decrements in diameter of the same rolls 
30 by grinding based on a conventional method were presumed from the actual decrements measured. In a conventional 
method, the rolls are repeatedly ground by a predetermined grinding allowance until the height of the reflected waves 
from the thermally/mechanically damaged parts becomes lower ; ttmn a predetermined threshold voltage in the surface 
wave testing after ground. The above-mentioned actual decrement was measured after the grinding based on the. 
method using the apparatus of this embodiment of the invention:: The presumed decrement in diameter in the conven- 
es tional method was 0.23 mm on the average. As opposed*) this, the decrement in diameter by grinding based on the 
method of the invention for suitable grinding of rolls was 0.18 mm. on the average. This, means that the decrement in 
diameter by grinding based on the method using the apparatus of this embodiment is lower by at least 0.05 mm than 
that based on the conventional method - ■ . 

[0091] Next, referring to Fig. 16, the fourth embodiment of the present invention is described in detail hereinunder. 

40 [0092] In this embodiment, provided is a position monitor 36 for monitoring the position of the surface wave probe 10 
relative to the axial direction of the roll being tested. The data of the position of the surface wave probe 10 having been 
monitored by the position monitor 36 are .transmitted to the computer 52. In surface wave testing of rolls to be ground 
or being ground according to this embodiment, the position of the surface wave probe 10 that is in contact with the spe- 
cific place of the roll at which the height of the reflected waves from the thermally/mechanically damaged parts is the 

45 largest is determined by the position monitor 36. For so-called plunge grinding based on this embodiment, as shown in 
Fig. 9, the surface wave probe 10 and the grindstone 62 are mechanically so aligned that the two are to be contacted 
with the roll 1 10 at the same position relative to the axial direction of the roll 110. * v 
[0093] The others in this embodiment are the same as those in the third embodiment noted above and are designated 
by the same reference numerals as in the third embodiment The detailed description of, these others is omitted herein. 

so [0094] The operation of this embodiment is described in detail. First. while the roll 1 1 0 to be ground or being ground 
is rotated in its circumferential direction C, the surface wave probe 10 is scanned over the roll 1 10 in the axial direction 
of the roll 1 1 0. In that manner, the entire surface of the roll 1 1 0 is tested by use of the surface waves traveling thereon, 
and the height of the reflected waves from the thermally/mechanically damaged parts of the rod 1 1 0 and also the signal 
that indicates the position of the surface wave probe 1 0 are inputted into the computer 52. By the action of the computer 

55 52. the position of the surface wave probe 10 that is in contact with the specific place of the roll 1 10 at which the height 
of the reflected waves from the thermally/mechanically damaged parts is the largest is determined. 
[0095] Next, as shown in Fig. 9, the surface wave probe 10 and the grindstone 62 are moved to the thus-determined 
position of the roll 1 10, and the roll 1 10 is ground by means of plunge grinding while being subjected to surface wave 
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testing. The grinding is continued until the height of the reflected waves from the thermally/mechanically damaged parts 
becomes lower than a predetermined threshold voltage, and the grinding allowance of the roll is thus determined. 
[0096] The thus-determined grinding allowance is inputted into the grinder 60. in which the remaining surface area of 
the roll is then ground. 

5 [0097] According to this embodiment, 200 work rolls for former stands in f inishing train were tested, and The decre- 
ment in diameter of each roll by grinding was measured. Apart from this, the decrements in diameter of the same rolls 
by grinding based on a conventional method were presumed from the actual decrements measured. In a conventional 
method where the rolls are repeatedly ground by a predetermined grinding allowance until the height of the reflected 
waves from the thermally/mechanically damaged parts becomes lower than a predetermined threshold voltage in , the 

w surface wave testing after ground. The presumed decrement in diameter by grinding based on the conventional method 
was 0.24 mm on the average. As opposed to this, the decrement in diameter by grinding based on the method of the 
invention for suitable grinding of rolls was 0.19 mm on the average. This means that, the decrement in diameter by 
grinding the method using the apparatus of this embodiment is lower by at least 0.05 mm than that based on the con- 
ventional method. 

is [0098] Next, referring to Fig. 17andFig. 18, the fifth embodiment of the present invention is described in detail here- 

inunder. , • 

[0099] Fig. 1 7 and Fig. 18 are graphs showing the measuring results of the reflected waves from artificial flaws in five 
rolls shown in Table 1, for which were used a surface wave probe of the invention and two conventional surface wave 
probes. Fig. 1 7 shows the height of the reflected waves from the artificial flaws in those rolls; and Fig. 1 8 shows the sig- 
20 nal-to-noise ratio of the reflected waves from the artificial flaws in those rolls. The flaws were artificially made by drilling 
each roll toward radial direction to have a diameter of 1 mm and a depth of 1 mm. The wedge of the surface wave probe 
used herein was of a polystyrol resin (CW = 2340 nVsec). 
[0100] The following three surface wave probes were prepared and used. 

25 Probe F: 

[0101] For this, the data of the surface wave velocity on the five rolls to be tested were averaged to obtain an average 
value. CRav. From the value CRav and the ultrasonic wave velocity in the polystyrol resin, CW, obtained was ei accord- 
ing to the formula (2) mentioned above 0i was 48.1 degrees. A surface wave probe was so designed as to meet ei * 
30 48.1 degrees. This is Probe F, and this falls within the scope of the invention. 

Probe G: 

[0102] A surface wave probe was so designed as to meet ei = 49.2 degrees, which was calculated from the surface 
35 wave velocity on Roll #4 in Table 1 and the ultrasonic wave velocity in the polystyrol resin. This is Probe G, and this is 
a conventional surface wave probe. 

Probe H: 

40 [0103] A surface wave probe was so designed as to meet ei = 51.7 degrees, which was calculated from the surface 
wave velocity on ordinary steel (2980 m/sec) and the ultrasonic wave velocity in the polystyrol resin. This is Probe H, 
and this is another conventional surface wave probe. 

[01 04] From Fig. 1 7 and Fig. 1 8, rt has been verified that Probe F of the invention gives high reflected waves and sta- 
ble S/N ratios irrespective of the type of rolls to be tested therewith. In Fig. 17, the vertical axis indicates the height of 
45 the reflected waves from the artificial flaws with reference to the height of the reflected wave from the artificial flaw on 
Roll #1 detected by use of Probe F. 

[0105] Next, four actual surface flaws for each of five roll material in Table 1, totaling 20 surface defects in all rolls, 
were sampled, and the S/N ratios of the reflected waves from those surface flaws were measured. Fig. 1 9 is a graph of 
the thus-measured data, in which the horizontal axis indicates the serial numbers of those 20 surface flaws, and the ver- 
so tical axis indicates the signal-to-noise ratio of reflected wave from each surface flaw. In this experiment, used were the 
above-mentioned three probes. Probe F, Probe G and Probe H. From Fig. 19, it has been verified that Probe F of the 
invention can detect the actual surface flaws in a stable manner at high S/N ratios. 

[0106] The invention has been described concretely hereinabove. However, the invention is not limited to only the 
above-mentioned embodiments but can be changed and modified in different manners without overstepping the spirit 
55 and scope thereof. 

[0107] For example, the materials of the piezoelectric element 10A, the damping block 10B and the resin wedge 10C 
that constitute the surface wave probe are not limited to only those shown in the above-mentioned embodiments, and 
any other materials having the same functions are usable herein. 
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[01 08] In the above-mentioned embodiments, water is used as the coupling medium. Apart from this, any other liquids 
such as oils, etc. may be used herein. . ■„ 

[0109] The subjects to which the invention is applied are not limited to only rolls for rolling mills, especially to high- 
speed tool steel rolls, but include any columnar structures such as rollers of metals and others with no specific limita- 
tion. 



Table 1 



Roll No. (Roll Material) 


Manufacturer 


Production Method 


Surface Wave Velocity 
(m/sec.) 


#1 


A Company 


continuous casting with build-up surfacing 


3158 


#2 


A Company 


centrifugal casting 


3110 


#3 


B Company 


centrifugal casting 


3168 


#4 


C Company 


centrifugal casting 


3090 


#5 


D Company 


forging 


3180 
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INDUSTRIAL APPLICABILITY 



10 



is 



r Oi1 0] Accordingtothepresenti^^ 

overgrinding that causes the increase in th e roll ^"J^^ J of ^ are greatly enhanced, 

primary cracks and grain boundanes ,s J^^^SSK rolls taring been thermally/mechanically dan* 
[0111] In particular, in the process on the bas ^f the ^rrtionw e allowance of each r0 || is settled accord- 

aged in their surfaces while they are used m \Z^aSte™ 9 «i parts, the decrement in diameter of 

i£ to the height of the ret. e^ 

each roll by grinding is optimized to reduce the rol ~££*J^ ^invention, the surface wave probe can pro- 
[0112] In applications of surface wave testing of rolls on thei basis ot i • materials as produced in dif- 

22 find reS,e the surface wave ^^^^^^TJ^i in testing of rolls of different , 

SS^ h -SSM • — ro,,s ensures increased 

to-noise ratios for the reflected waves from flaws. 
Claims 

Amet^—nicte^ 

of a rotating columnar structure v.a a couphng ^SSTll^prob. recedes the reflected waves from the 
irrto the columnar structure from sa.d surface wave p^ ^ 

flaws existing in and just below ^ ^^£^ZZ££V** surface waves to be transmitted and 
the method being charactenzed tha \^f^^^ of sad surface waves, the frequency band- 

25 at least 0 50 fc or larger. . r 

d a , dating WW*. sm«*.-e via a c«*ng "*™St^n7pn*. revives the reflected waves ton » 

structure . .„ : - J .? . r 

„ 3 AnapparatustoruKra^^ 

faceTa rotating columnar structure via a cou^ ^ 

gated into the columnar structure from ^"^""J ^^Su„ » as to detect said flaws; 
?he flaws existing in and just below the '^^^^SSS^ and recedes the surface waves is pro- 

srrw^^ 

SoS as disposed on the back surface of the piezoelectric element . _ 

material, or a 3-1 type piezocomposrte material. 

, i as claimed in claim 3. wherein said wedge has an atten- 

so 6 TheapparatUsforultrasonictestingofco.umnarstru^^ 

7 The apparatus for uKrasonic testing of «.umnar structures as daimed in daim 3. wherein said damping block has 
7 - ?S5SSSS of metallic tungsten powder of at least 40 % or larger. 

55 8 . Anapparatustorufcasonicte^^^^ 
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from the flaws existing in and just below the surface of the columnar structure so as to detect said flaws; 
the apparatus is characterized by comprising; 

a columnar structure-rotating means for rotating said columnar structure in the circumferential direction of the 
structure, 

a rotating speed-monitoring means for monitoring the rotating speed of the columnar structure being rotated 
by said columnar structure-rotating means, 

a holder means for holding said surface wave probe above the columnar structure to ensure a predetermined 
distance between the probe and the surface of the columnar structure, 

a scanning means for scanning said holding means in the axial direction of the columnar structure, 
a couplant supply means capable of supplying a liquid medium to.be a coupling medium for ultrasonic waves 
to the gap between said surface wave probe and the surface of the columnar.structure and provided with a flow 
control valve capable of controlling the flow rate of the liquid medium in accordance with the rotating speed of 
the columnar structure to be rotated by said columnar structure-rotating means, 

a surface wave probe which is provided with a piezoelectric element, a wedge disposed on the front surface of 
the piezoelectric element and a damping block disposed on the back surface of the piezoelectric element, so 
that, where the center frequency of the surface wave to be transmitted and received by said surface wave 
probe is fc in the frequency spectrum of the surface waves, the frequency bandwidth within which the spectrum 
magnitude falls the range between the peak value and the peak value - 6 dB covers at least 0.50 fc or larger, 
and that the surface wave probe is capable of detecting the flaws in the columnar structure by use of surface 
waves, 

an ultrasonic pulser/receiver capable of supplying to said surface wave probe, an electric pulse for producing 
surface waves and capable of amplifying the signals which said surface wave probe has received to a level nec- 
essary for flaw detection and outputting them, 

a gating means for extracting the signals for flaw detection from the signals which said ultrasonic 
pulser/receiver has outputted. and outputting them, and 

a peak detector/comparator means for detecting the amplitude of the signals which the gating means has out- 
putted, and outputting the thus-detected signals, or^for comparing the level of the signals which the gating 
means has outputted with a predetermined threshold yoltage and, when the level of the thus-compared signals 
are large, outputting signals that indicate.the presence, of fj^ws in the columnar structure being tested. 

9. The apparatus for ultrasonic testing of columnar structures ;as claimed in any one of claims 3 to 8, wherein said 
wedge has a bottom surface at which it is contacted with the surface of the columnar structure via a coupling liquid 
medium existing therebetween, and has an inclined surface of such that its normal line intersects the normal line 
of said bottom surface at an incident angle ei to be defined by the following.formula: . 

, ei = sin" 1 (Cw/Cr)- 

where Cw indicates theuelocity of the ultrasonic wave in the wedge, and 

Cr indicates the velocity of the surface wave traveling in the .columnar structure, 

and wherein the front surface of said piezoelectric element is attached to said inclined surface of the wedge. 

10. The apparatus for ultrasonic testing of columnar structures as claimed in any one of claims 3 to 9, wherein said 
columnar structure is a high-speed tool steel roll. , 

11. A method for grinding a roll having been thermally/mechanically damaged on its surface, which is characterized in 
that; . . ■ ■ i . , • 

before or during grinding the roll, a surface wave probe is contacted with the surface of the roll being rotated, 
via a film of a coupling medium existing therebetween, and the height of the reflected waves from the ther- 
mally/mechanically damaged parts existing or remaining in the surface of the roll is measured in such a man- 
ner that surface waves are propagated into the roll from the surface wave probe while the liquid existing on the 
path of the surface waves is propagated is removed, and . 
the grinding allowance of the roll is determined according to the thus-measured height of the reflected waves. 

12. The roll grinding method as claimed in claim 11. wherein the surface wave probe and a grindstone are moved to 
the position of the roll to be ground, at which the height of the reflected waves from said thermally/mechanically 
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Tbe „ 9 *d,no n,e*od . M! claim , 1 o, * J" ^tTC^^ — 

value - 6 dB covers at least 0.50 fc or larger. 

wave that propagates into said columnar structure. 

The ro.. grinding method as Crimed m any one of claims 11 to ". wherein said rol. is a ro.l for roi.ing mi.ls. 

of the velocity of the surface wave traveling in each roll to be tested. 

,7. Ame.h.rf.orde.wn^incaen^^^ 

iM bote, the surface of a rail, whe-e,n the surface «ave pr ^ to Mroducins, an 

'coup„„ 9 medium .he.eoaween and con^ses «l~« SlTdSpTed on •£ .on as » be able to 

isfy the following formula: 

Oi = sin"\CW/CRav) .1 
and the incident angle Bi is an angle to the plane vertical to the roll surface. 
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FIG. 5 
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FIG. 7 
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FIG. 11 
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FIG. 13 
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FIG. 14 
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FIG. 15 
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FIG. 16 
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Box fl Observations where unity of invention is tacking (Continuation of item 2 of first sheet) 



This International Searching Authority found multiple inventions in this international application, as follows: 

The inventions defined in Claims 1-10 and 16 relate to a ultrasonic flaw 
detecting method or a ultrasonic flaw detecting apparatus. The inventions 
defined in Claims 11-15 relate to a roll grinding method. The invention 
defined in Claim 17 relate to a method of setting an incident angle of a 
roll inspecting surface wave probe. 



1* | x | As all required additional search fees were timely paid by the applicant, this international search report covers all 
searchable daims. 

2. | | As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment 

of any additional fee. 

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers 
only those daims for which fees were paid, specifically claims Nos.: 



4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is 

restricted to the invention first mentioned in the daims; it is covered by daims Nos.: 



Remark on Protest [ x [ The additional search fees were accompanied by the applicant's protest. 

| | No protest accompanied the payment of additional search fees. 
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